Abstract Water balance models have been used to examine trends in the level of Lake Victoria over this century. A monthly model developed in a previous study for the period 1925 to 1978 has been improved and the simulation period extended to 1990. Also, an annual model has been used to extend the water balance back to the start of the century. The simulations confirm the results from previous studies which showed that the observed variations in lake level can be explained primarily in terms of natural variations in rainfall over the lake and surrounding basin. An idealized interpretation of these variations is presented which illustrates the long response time of this large lake and which is used to speculate on the likely future behaviour of the lake.
INTRODUCTION
Lake Victoria is the largest lake in Africa and one of the largest lakes in the world (Fig. 1) . Between 1961 and 1964 , the level of the lake rose unexpectedly by almost 2.5 m following a long period of near constant levels earlier this century. Subsequent analyses (e.g. Piper et al., 1986; Flohn, 1987) have linked this rise to unusually heavy rainfall in East Africa in late 1961 and early 1962 and corresponding increases in the direct rainfall on the lake surface and the tributary inflows to the lake. However, levels have remained high since that time leading to doubts about the likely future behaviour of the lake. Interest in this issue arises from the important role Lake Victoria plays in the hydrology Several possible reasons have been proposed for the increase in levels. Some workers (e.g. Shalash, 1980) suggest that levels have remained high due to the operating policy employed at Owen Falls dam since 1954. The assumption is that releases from the dam are lower than they would have been from the natural outlet, leading to higher levels than would have occurred if the dam had not been built. Changes in land use affecting inflows to the lake have also been suggested as a possible cause. However, the most widely accepted explanation uses the evidence from regional rainfall records that rainfall in the lake basin has apparently increased by several percent since the early 1960s (e.g. Kite, 1981; Piper et al,, 1986 ). Attempts to model the effect of this increase on lake levels have been made with varying degrees of success. For example, Kite (1981) was able to achieve a satisfactory water balance over the period 1950 to 1980 only by making arbitrary adjustments to the lake rainfall in some periods to reproduce the observed variations in lake levels. More recently, Piper et al. (1986) achieved a more satisfactory balance over the longer period 1925 to 1978 by using an alternative model and by introducing additional data.
In this paper, the link between rainfall and lake levels is investigated further using two new water balance models. The main aims have been to extend the modelling periods used in previous studies to the whole of the observational period and to estimate the trends in levels and outflows in recent years. Also, an idealized model has been used to investigate the response characteristics of the lake to sudden changes in net inflow. The results from these simulations should be useful in guiding the development of models of the likely future behaviour of the lake. The modelling work is described after first discussing the methods used to estimate the individual terms in the lake water balance.
COMPONENTS IN THE WATER BALANCE

Lake levels
Regular measurements of lake levels first began at Entebbe in 1896 and later at Jinja (1912) and several other locations. Checks on these measurements in previous studies (e.g. Kite, 1981 ) and the present study have shown that there can be little doubt that the accepted lake level record is substantially correct. By convention, the values used in this paper are end of month levels recorded directly on the Jinja gauge. In some periods, when levels were not measured at Jinja, these values have been estimated by correlation with other stations around the lake.
Anecdotal evidence suggests that levels may have been low in the middle of the last century before reaching a similar level to the 1964 peak in 1878, then declining rapidly before another short-lived rise in the 1890s (Nicholson, 1980; Piper et al, 1986) . Garstin (1904) gives rather more detail, suggesting that the high levels of 1878 were followed by falling levels in the period 1880-1890, a temporary rise in 1892-1895, then a fall from 1896. Although these observations are too imprecise to use in a water balance model, they do show that the 1961 to 1964 rise has a precedent from the period before construction of the Owen Falls dam, and that large fluctuations in level appear to have been a feature of the naturally regulated lake. Similar trends can also be seen for several other lakes in East Africa, indicating a common response to widespread regional variations in rainfall. Examples include a sudden increase in levels in 1961 and 1962 at Lakes Turkana and Naivasha (Lema, 1990) and Lakes Malawi and Tanganyika (Kite, 1981) , and high levels in the 1870s at Lakes Malawi, Turkana and Tanganyika followed by a rapid decline over the following few years (Nicholson, 1989) .
Tributary inflows
Approximately 25 major rivers flow into Lake Victoria from the 194 000 km 2 basin surrounding the lake. Measurements of river levels first began in 1933 on the largest tributary, the River Kagera, which contributes about 30% of the total inflow to the lake. From 1956, the fraction of the basin which was gauged was increased to about 40%, or about 50% of the total inflow, with the addition of gauging stations on four major tributaries in the northeastern portion of the basin (the rivers Nzoia, Yala, Sondu and Awach Kaboun). Between 1969 and 1978 , the Hydrometeorological Survey Project (WMO, 1974 1982) increased the gauged area to about 80% of the total basin area. Since that time, there has been a progressive decline in the gauged area due to other economic priorities and war.
In this study, a best estimate of the total monthly inflows to the lake has been derived for the period 1925 to 1990 using measured flows whenever possible, with missing flows estimated using a nine parameter conceptual rainfall runoff model (Blackie & Eeles, 1985) . For the period 1969 to 1978, this inflow record is based on the total measured inflow from about 20 major tributaries while, for the remaining period, inflows have been based solely on recorded or estimated flows for the Nzoia, Yala, Sondu, Awach Kaboun and Kagera. In both cases, inflows from the remaining ungauged portion have been estimated using a set of scaling factors developed by Piper et al. (1986) . The resulting total inflow record differs from the Piper et al. record in that it has been extended from 1979 to 1990 and relies more heavily on measured data than on the results from rainfall/runoff modelling. The revised record is slightly more variable than the original record, particularly during low flow periods. The overall statistics of the two series are similar, with an annual mean of 0.29 m and standard deviation of 0.17 m for the revised series and values of 0.30 m and 0.14 m for the original series, when expressed in terms of equivalent depth over the lake for the common period 1925 to 1978. The revised series has been used in the water balance simulations described later in this paper.
For the annual water balance simulations, estimates of the total lake inflows were also required for the period 1900 to 1924. An inspection of the estimated total inflows from 1925 to 1990 showed that, on an annual basis, there is a reasonable correlation with the annual lake rainfall. Annual total inflows were typically in the range 10-25% of the annual lake rainfall, with the higher runoff coefficients occurring for higher values of rainfall. A smooth curve was fitted through these values in order to infill missing annual inflows in the earlier period.
Lake outflows
Until 1950, outflows from Lake Victoria were regulated naturally at the Ripon Falls outlet. In 1951, temporary river regulation works started at Ripon Falls in preparation for construction of the dam at the Owen Falls site some 3 km further downstream. The dam was completed in 1953 and hydropower generation started in 1954. From the start of operations, releases from the dam were constrained to follow an operating rule called the Agreed Curve, which is a best estimate of the rating curve of the lake outlet under natural conditions. The Agreed Curve was established on the basis of monthly and, at times, weekly discharge measurements in the Victoria Nile during the 1940s and early 1950s. Following the sudden rise in levels in 1961, the upper limit of the original Agreed Curve was exceeded and, for several years, a straight line extension was used. From about 1968, an extended Agreed Curve was adopted based on the results of hydraulic modelling studies of the Ripon Falls site using survey data from the period before construction work started (Hydraulics Research Station, 1966) . This curve is now assumed to represent the outflows which would have occurred from the natural lake at the high lake levels since 1961.
As part of this study, a detailed examination has been made of the recorded releases from the Owen Falls dam site and of discharge measurements in the Victoria Nile both before and after construction of the dam. Figure 2 compares three separate estimates of the monthly lake outflow record. Record A is the expected outflow based on the extended Agreed Curve, Record B is the recorded releases from the Owen Falls dam and Record C is an estimated outflow record obtained by interpolating between all available discharge measurements in the Victoria Nile. These comparisons lead to several interesting conclusions. The comparison of Records A and B shows that, since operations started at the Owen Falls dam, releases have largely followed the Agreed Curve and, where departures have occurred, compensatory releases have usually been made at a later date. As noted by Kite (1981) , the effect of these departures on lake levels was very small up to 1980, and the effect remains small up to the present day. For the period before completion of the Owen Falls dam, comparisons with gauging stations further down the Nile also seem to confirm the validity of the outflow record (Record A) estimated from the Agreed Curve (Sutcliffe & Lazenby, 1990) .
The second comparison, between Records B and C, shows that, until the lake level rise of 1961, the recorded releases from the dam agreed to within about 5% with flows measured in the Victoria Nile. This seems consistent with the conclusion by Berg (1953) that the "half depth" method used at that time to compute discharge measurements overestimated the actual flows by about 5%. From 1961, this difference increased, most probably due to modifications in the velocity profile at the Namasagali site arising from backwater effects from Lake Kyoga at the increased flows and levels in this period (Kite, 1981) . In 1970, the station at Namasagali was abandoned in favour of the Mbulamuti station some 20 km upstream, and the difference between Records B and C is much smaller from that time. The final comparison, of Records A and C, confirms these conclusions and also confirms that outflows were significantly reduced in 1952 and 1953 during construction of the dam. The implied change in lake levels of 0.15 m during the construction period is very close to the 1955 1960 1965 1970 1975 1980 1985 1990 
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jV^ ^ ^ ^JjU^JLjJikiJBU JpJÉBiiil^yJL^-^l,!-,^ Jy-r 1957 1959 1961 1963 1965 1967 1969" 1971 1973~ 1975 1977 estimate of about 0.11m made at the time by engineers working at the site (Bertlin & Olivier, 1954) . The main conclusions from these comparisons are that the Agreed Curve provides a reasonable basis for estimating the monthly lake outflows up to 1950, and that the recorded releases from the dam should be used from 1954. On an annual basis, the Agreed Curve could be used throughout with little loss in accuracy. For the monthly record, it also seems reasonable to infill missing dam release values since 1954 using the Agreed Curve. In the remaining period, 1951 to 1954, outflows can be estimated by interpolating between the weekly discharge measurements in the Victoria Nile which were made at that time. The resulting outflow record based on this calculation method is used to evaluate the results from the water balance simulations presented later.
Lake rainfall and evaporation Rainfall in the lake region is linked primarily to seasonal migrations of the Intertropical Convergence Zone (ITCZ) whose maximum range of movement is between about 15°S and 20°N, or from Malawi to the Sudan. At the latitude of Lake Victoria, this results in two rainy seasons which lie typically between March and May and between October and December. The large scale atmospheric circulation over the lake is on average from east to west but is strongly influenced by the circulation generated by the lake itself. Satellite pictures often show large cumulo-nimbus clouds over the south and west of the lake, and the short runs of data available from island stations suggest that rainfall is significantly higher over the lake than at the lake shore. Atmospheric circulation models (e.g. Flohn & Burkhardt, 1985) suggest that the peak average annual rainfall over the lake may be as high as 3 m.
The challenge in developing a model for the lake rainfall is to relate the higher rainfall over the lake, a surface with an area of about 67 000 km 2 , to the rainfall measured at the small number of shore-based rainfall stations. The most convincing method would be to derive seasonal isohyetal maps from landbased and satellite data; however, preliminary results from this approach are poor (WMO, 1982) . De Baulny & Baker (1970) identified that only eight of the lakeshore stations have good quality records of long duration (Fig. 1) , although at times many more stations have been operated for short periods. Records for all eight stations go back to 1925 although a few of the stations also have records back to the start of the century. Piper et al. (1986) recommended that, if a homogeneous lake rainfall record is to be obtained, the same stations should be used throughout, and the lake rainfall estimates should be based on just the stations used by de Baulny & Baker (1970) . The approach used was to normalise each record in each month by the monthly mean and standard deviation for the station, take the average of these normalized rainfalls and then re-scale these average values by the monthly means and standard deviations of the implied lake rainfall. The implied rainfall here was the rainfall implied by the remaining terms in the water balance over the period of the simulations. This method had the effect of forcing the water balance to be satisfied exactly over the whole period of each simulation, although no constraint was imposed on the variation in lake levels in the intervening years.
In the present study, two simpler approaches have been evaluated. The first approach, used for the annual water balance simulations, was simply to average the annual rainfalls for the eight stations and then to apply a single multiplying factor to account for the difference between the lake and lakeshore rainfalls. To estimate this factor, the implied rainfall was calculated for the period 1969 to 1978 since, in this period, the other components in the water balance are known to reasonable accuracy. Following Piper et al. (1986) the annual lake evaporation was assumed to be 1600 mm. The calculations suggested a multiplying factor of about 1.18. Using this method, annual rainfalls were estimated for the period 1900 to 1990 and converted to net rainfalls (rainfall less evaporation) again assuming an average annual evaporation of 1600 mm.
The second approach, used for the monthly simulations, was to estimate the net rainfall directly. This approach has the advantage of avoiding the need to specify the monthly lake evaporation. To calibrate the method, the period 1969 to 1978 was again used. For each month, straight line correlations were developed between the average lakeshore rainfall and the implied net lake rainfall. The number of rainfall stations used was reduced to six, with Kalangala and Kagondo omitted owing to a lack of data in recent years for these stations. The correlations were then assumed to apply over the whole of the period 1925 to 1990. The calculations were not extended to before 1925 because the number of stations in this period, while sufficient for the annual model, was not considered to be sufficient for a monthly model. Figure 3 compares the annual net rainfall estimated by these two approaches with the implied value from the Piper et al. (1986) study. The general trends are very similar and indicate that the net annual contribution to the lake from rainfall has generally varied in the range 0 to 300 mm, rising to about 1000 mm in 1961. All three records also show a clear increase in rainfall in the early 1960s, persisting throughout the 1970s and, possibly, to the present day. This good agreement demonstrates that all three models produce similar results, although with minor differences in some years and some periods. Both 1945 1955 1965 1975 1985 Year Fig. 3 Comparison of annual net rainfall records estimated using the annual model, the monthly model and the model from Piper et al. (1986) for the period 1925 to 1990.
Monthly model Piper et al.(1986) Annual model the annual series and revised monthly series are used in the water balance simulations discussed in the next section.
WATER BALANCE SIMULATIONS
Water levels have been estimated for the period 1900 to 1990 using the annual model and from 1925 to 1990 using the revised monthly model. The water balance is given by:
where Ah is the change in lake level, P is the lake rainfall, E is the lake evaporation, A is the lake surface area, Q t is the total tributary inflow to the lake and Q 0 is the lake outflow. In the simulations, the lake surface area has been calculated using a relationship between levels and area established during the Hydrometeorological Survey project (WMO, 1982) . Lake outflows have been calculated from the predicted levels and the extended Agreed Curve. In some of the following discussion, the results are expressed in terms of equivalent depth over the lake; for these calculations alone, a typical lake surface area of 67 000 km 2 has been assumed. To evaluate the performance of the models, it is helpful to define two additional variables, namely the "observed" net basin supply N 0 based on observed lake levels and outflows: A and the "predicted" net basin supply N t based on the estimated net rainfall and tributary inflows:
M-P-E+Q. (3) A
A comparison of net basin supply values provides a more stringent test of the models than a comparison of levels alone because, due to the link between levels and outflows implied by the Agreed Curve, the simulations also generate errors in the predicted outflows which cannot be seen from a comparison of levels alone. Figure 4 shows a comparison of the observed and predicted lake levels and net basin supply calculated using the annual water balance model. The predicted lake levels are generally within about 0.3-0.5 m of the observed lake levels and mimic many of the observed year to year variations. In particular, the rise in 1910 1920 1930 1940 1950 1960 1970 1980 1990 Year Fig. 4 Predicted levels and net basin supply calculated using the annual water balance model. levels between 1961 and 1964 is modelled reasonably well as are the increased levels since that time. The comparison of net basin supply also shows reasonable agreement between the observed and predicted values, with the large year to year variations modelled in many years, together with the general increase since 1961. These simulations provide additional confirmation that the observed variation in lake levels this century can be firmly linked to variations in lake rainfall, and that the Agreed Curve provides a reasonable estimate of outflows over this period.
Annual water balance
It is now interesting to use this model to develop an idealized interpretation of the variations in lake levels this century. To do this, it is necessary to define two new parameters: the lake equilibrium level and the characteristic response time of the lake. By definition, the lake is in equilibrium when the outflow equals the net basin supply. Since outflows and levels are linked by the Agreed Curve, the equilibrium level for any value of the net basin supply can be estimated using the Agreed Curve. As an example, the current lake level of about 12 m on the Jinja gauge corresponds to a net basin supply of about 0.5 m, expressed in equivalent depth over the lake surface.
Estimates of the response time can be obtained by using the annual water balance model to predict the behaviour of the lake in periods of constant net basin supply. Figure 5 shows idealized level transition curves for a range of values of the net basin supply (0.0 m, 0.5 m and 1.0 m) and starting levels of 10.5 m and 12.0 m on the Jinja gauge. It can be seen that the equilibrium lake level is typically reached after a period of 10 to 20 years, irrespective of the starting level. The response time increases as the net basin supply decreases, which is a consequence of the much reduced outflows at lower lake levels. Previous studies have also suggested similar response times based on simulations of the historic lake level record. Unpublished results from the Piper et al. (1986) study suggested a value of 8-10 years for a starting level of 12.0 m. Using an approximate routing model, Salas et al. (1982) again obtained a value of about 10 years and Evans (1990) , using a simple monthly water balance model, suggests values in the range 6-12 years.
These results can now be used to help interpret the behaviour of the lake this century. It might be expected that the lake will tend towards equilibrium either following long periods of roughly constant net basin supply or in periods when the net basin supply is varying rapidly about a roughly constant mean over time scales much shorter than the response time. An inspection of the observed net basin supply record shows that there have been several such periods this century. In each of these periods, the lake might be expected to be in transition towards the equilibrium level corresponding to the mean net basin supply and to follow transition curves like those shown in Fig. 5 . Figure 6 shows the predicted equilibrium levels and transition curves derived from this approach using the annual water balance model and the observed net basin supply series. These idealized curves seem to provide a good representation of the underlying trends in observed levels. This view of the lake response suggests that, in the early part of this century, the net basin supply reached a constant value only for short periods of up to about 5 years. Consequently, the lake was constantly in transition between a succession of equilibrium levels which were never reached. From the mid 1920s to the early 1940s, the annual net basin supply varied rapidly about a mean of about 0.33 m, equivalent to an equilibrium level of about 11. 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 Year Fig. 6 Idealized interpretation of the relationship between lake levels and net basin supply this century.
level of about 13.9 m. This level was never reached, however, because In the period 1965 to 1977, the net basin supply dropped to a mean of about 0.56 m, with the result that the lake level approached an equilibrium level of about 12.2 m towards the end of this period. Since then, apart from a short-lived rise between 1978 and 1980, the net basin supply has declined to a mean of about 0.48 m, resulting in an equilibrium level of about 11.9m under present conditions. Significantly, the net basin supply remains some 0.1-0.2 m higher than it was in the 1940s and 1950s. This interpretation suggests that lake levels are constantly in transition between a succession of equilibrium states which are only ever reached if the net basin supply (or lake rainfall) can be considered constant for periods of several years or more. Since the rise in levels between 1961 and 1964, the net basin supply has been consistently higher than in the 1940s and 1950s, but appears to be slowly decreasing. The anecdotal evidence discussed earlier suggests that fluctuations over a similar time scale also occurred in the latter part of the nineteenth century.
Monthly water balance
It is now interesting to consider the extent to which lake levels have been influenced by seasonal variations in climate. Figure 7 shows a comparison of the predicted and observed levels calculated using the monthly net rainfall and inflow series discussed earlier. For these simulations, data limitations have restricted use of the monthly models to the shorter period 1925 to 1990.
The results show that the monthly model provides an excellent representation of the observed levels in the periods 1925 to 1942 and 1961 to 1990 but predicts levels that are about 0.2-0.5 m too high in the period 1943 to 1961. A comparison of the observed and predicted net basin supply suggests that these errors arise from the accumulation of a succession of small annual errors equivalent to about 0.1 m per year in this period. This error is equivalent to only about 5% of the typical annual average lake rainfall or evaporation. The reason for this error cannot be determined from the data available but possibly results from a shift in the seasonal distribution of rainfall around the lake in this period. Farmer (1981) has suggested that, since 1961, there has been a significant increase in rainfall in the region during the October-November rainy season. Hulme (1992) also notes an apparent increase in the months of September, October and November when comparing records for East Africa for the periods 1931-1960 and 1961-1990 . Modelling errors might therefore be expected in earlier periods since the net rainfall model was calibrated on rainfall and flow data for the period 1969 to 1978.
An examination of the seasonal variations in the predicted net rainfall series (Fig. 8a) seems to confirm this conclusion. The months of October, November and December show an increase of about 30 mm per month since the early 1960s, which would imply an increase of about 0.1 m in the annual net basin supply. This result is also confirmed by inspection of the implied net 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 Year Fig. 7 Comparison of observed and predicted monthly levels for the periods (a) 1956 to 1990 and (b) 1925 to 1990. rainfall series, calculated from the observed lake levels and outflows and the observed (and infilled) lake inflows (Fig. 8b) . In both cases, the implied increase in net basin supply is slightly less than the observed increase of 0.1-0.2 m suggested by Fig. 6 . The difference could easily be accounted for by the increased inflows during this period, as indicated by the water balance models. Preliminary studies (not shown here) suggest that this increase in inflows can be attributed almost entirely to changes in rainfall, with little impact from land use changes. Table 1 shows the final water balance predicted by the monthly model together with the results from the earlier Piper et al. (1986) model. The averaging periods are chosen to reflect the differences between the earlier relatively dry period (pre-1960) and the period following the unusually wet years of 1961 to 1964. Encouragingly, the predicted values from the two methods generally agree to within a few percent, with the only major differences occurring in the net rainfall estimates. However, when expressed Piper et al., 1986) Period 1925-1955 1956-1978 1925-1978 1925-1960 1965-1990 1025-1990 Net rainfall (mm) Inflow (mm) Outflow (mm) Net basin supply (mm) as a percentage of the lake rainfall or evaporation, these differences are only of the order of 5%.
CONCLUSIONS
Both the annual and monthly water balance models show that the variations in the levels of lake Victoria over this century are related primarily to variations in rainfall over the lake and surrounding basin with only a small influence from the Owen Falls dam and land use changes. The models confirm that the unusually large rise in levels between 1961 and 1964 was consistent with the observed variations in rainfall in that period. They also suggest that levels have remained high since that time due to a sustained increase in the lake rainfall, primarily during the October to December rainy season. The likely future behaviour of the lake is, of course, open to debate. The annual model suggests that the lake response this century has been governed by a small number of climatologically homogeneous periods, with abrupt and unpredictable shifts between each period. On the basis of such a small number of events, it is difficult to predict the future trend in levels. The simplest approach might be to suggest that the most likely outcome is for the net basin supply to approach the mean of the observed values since records began, which is about 0.40 m, corresponding to an equilibrium level of about 11.5 m and an outflow of about 800 to 900 m 3 s" 1 . More refined estimates could be obtained either from stochastic modelling based on the statistics of the observed record, or deterministic modelling possibly using the output from General Circulation Models as a guide to the likely future behaviour of the regional rainfall and hence the net basin supply to the lake. In both cases, careful account would need to be taken of the possible influences on runoff due to land use changes and possible changes in climate due to atmospheric pollution and feedback effects from land use change. In particular, small changes in the temperature of the lake are likely to have a major impact on the atmospheric circulation, and hence rainfall and evaporation, generated by the lake.
